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1111 ordi ngly, using the relation between the mass center 
II lId bearing coordinates, i.e. 

II , {x, y.z.By.Bz(,qb={X'YI'Y2.ZI.Z2}T 

[
1 00 0 0 l ° 1 0 0 II I 

'I" 1'1/ T= 0 1 0 0 - /2 (6) 
g • lo ° 1 -II 0 J 

o 0 1 12 0 

I It . linearized equations in the bearing coordinate can 
hl' rewritten, using Eqs. (4), (5) and (6), as 

/II,Ji,, +Cbtib+KbQb=rT K;gIm (7) 
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Control Algorithm 
A five D.O.F. AMB system normally requires five 

magnet pairs for control, while only four magnet pairs 
IS enough for control of the cone-shaped magnetic 
hearings. The control algorithm is constructed such that 
the axial displacement ofthe joint is controlled by 

F, 

FIGURE 4 : Modeling of Cone-Shaped AMB 

axial control currents to the upper and lower bearings 
whereas the radial displacement is controlled by radial 
control current to the pairs of facing radial bearings. 
The relation between the control current in each 
magnets 1m and the control current in the bearing 

coordinate I b = {i x,i YI .i Y2 ,i Zt ,i Z2 } T is written as 

il,2 =ix ±iYt • i3,4 =ix ±izt ,is.6 =-ix ±i Y2' i7,8 =-i x ±iZ2 (8) 

Equations of motion in the bearing coordinate can be 
rewritten, using Eqs. (7) and (8), as 
Mbiib +Cbtib + Kbqb = K;b1b (9) 

where 

IK;xx 

I 0 
K;b=1 0 

l ~ 

o 

o 
Kixx=4K; (I+K)fJs. 

t 

o 

o 

o 
o 
o 

K;YtYt =K;ztZt =2K;t[fJc-rmfJs], 

K;Y2Y2 =K;Z2Z2 =21cR:dfJc-rmfJsj, 

K;YtY2 =K;ZtZ2 =2 KK;/mfJs , K;Y2Yt =K;Z2Zt =2K;/mfJs 

For the magnetic bearing system controlled by five 
magnet pairs, only the diagonal terms exist in the 
current and displacement stiffness matrices. On the 
other hand, for cone-shaped AMBs, axial force induces 
moment because the magnetic forces exert perpendi­
cular to the cross section area of the cone-shaped 
magnet. The moment couples the upper and lower 
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bearings, resulting in appearance of non-zero off­
diagonal terms and decrease of negative diagonal terms 
in the displacement and current stiffness matrices. It 
also leads to the coupling of control inputs. 

CONTROLLER DESIGN 

Decoupled Controller 
In Eq.(9), the axial and radial motions are 

decoupled, but the mass and stiffness with respect to 
the upper and lower bearings, and the gyroscopic 
coupling with respect to the y and z directional 
velocities take place. However, the controller may be 
decoupled in each direction when the gyroscopic effect 
due to slow rotation and the coupled terms in the 
stiffness matrix are negligibly small compared with the 
diagonal terms. 

For control of the system, a simple analog type PD 
controller is employed, i.e. 

r KdS 1 
Ve(s)=-KslKp+--IJY(s) (10) 

Td s+ 
where Ks' Kp Kd are the voltage gains of displacement 
sensor, and, the proportional and derivative control 
gains, respectively, and Ve is the controller output 
voltage. 

Although the magnetic force is controlled by the 
current, the controller output is, in practice, the voltage. 
The relation between the control current in coil and the 
control voltage can be written as 

. d( Lie) . die dy 
Va=Rtc+~=Rte+L0dt+yKi dt (11) 
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where R and La are the resistance and the self 
inductance of coil. Since the control voltages are 
amplified by power amplifier, self inductance of coil 
induces time delay that may destabilize the system. In 
order to reduce the time delay, the current may be 
incorporated with the power amplifier. In that case, Eq. 
(11) can be rewritten as, 

KAvo+vJ=(KaKf+R){Io+i}+L ;; +yKi ~. (12) 

Note that 10 is determined only by the DC voltage VO. 
Laplace transform ofEq. (12) yields 

() Ke ( ) yKjs ( ) 1 s =---Ve sKY S 
Tcs+1 aKf+R 

(13) 
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where Ka is the voltage gain of power amplifier, Kf is 
the current feedback gain. 

The time delay between the magnetic force and the 
current due to the eddy current effect and flux leakage, 

FIGURE 5 : Block Diagram of 1 D.D.F. System 

may be incorporated as [6]. 
K 

F(s)=-'-l(s) 
Te s+1 

(14) 

where Te is the time constant associated with the eddy 
current effect. 

Stability Analysis 
When the bearing is assumed to be a first order 

device, FIGURE 5 shows the corresponding block 
diagram. The closed-loop transfer function can be 
wntten as 
y kp+krs 

J~ as4 +bs3 +cs2 +ds+e 
(15) 

where 

a=TcT a,b=( Tc+ra )m,c=m,d=(kr-T aKy), e=(kp-Ky) 

kp = KsKeKj Kp,kr =KsKeKjKr' Kr =Ka +T aK p 

The stable control gain resigns for the magnetic 
bearing system (15) can be obtained, by using the 
Routh-Hunvitz stability criteria, as 
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Using the above equation and the relation 
Ka=Kr-TaKp, we can find Kp and Kd so that the 

system is stable. The minimum and maximum values of 
Kp are determined once KpJ and Kd are selected. 
TABLEs 1 and 2 show the system parameters and the 
poles. The time delays are: TcF8x 1O-5sec and Te =6x 10-
5sec so that 4.8xlO-5sec<Kr<0.0175sec and the 
minimum value of Kp becomes 0.6. For Kr = 0.005, the 
maximum value of Kp is 34.9. FIGUREs 6(a) and 6(b) 
are the stable start-up and impulse responses. The 
system stiffness increases as the proportional gain 
increases. However, as shown in FIGURE 6, unstable 
response occurs due to saturation of the supply voltage 
and flux density, and due to magnetic force nonlineari-

.1 
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TABLE 1 System Parameters 

Parameter Value 

Pole face area, A 155 mm2 

Inclined angle, fJ 15° 

Nominal gap, &> 0.5 mm 
Rotor mass, m 1.68 kg 
Coil turns, N 400/magnet 

Power supply voltage, Vs 25 Volt 
Force in radial dir. 117N/magnet 
Force in axial dir. 27N/magnet 

System size H 130mmxq, l30mm 

TABLE 2 Eigenvalues of AMBs System 

Uncontrolled Controlled 

±249.5 -236.7±j320.7 
Eigenvalues ±341.6 -368.l±j480.4 

±382.8 -454.8±456.7 

I \' As the derivative gain increases, the system 
il.lI11pi ng also increases, but it tends to amplify high 
'I eqllcncy noise. The control gains are determined such 
Ihn l the system has the damping ratio of 0.5 and the 
IlrrllCSs of 1.5xl05N/m. 

•• : X I' I£RIMENT 
Thc maximum moment Mmax is an important factor 

III he considered in the design of a robot joint, which 
l '"I bc expressed as 

AB2 D 
.\I ... ,,,. ~~ [tanp-tana] (17) 

\\ hne Bmax is the saturation magnetic flux density of 
1 till' material, tan a = 1/ D, I is the height of two 

IHl II'.11 'li c bearings and D=2Rm is the effective 
11/1111 'Icr of rotor core. Since Bmax normally takes the 
\ .I lie or 1.0 Tesla and the robot joint shape( a) is given, 
1 hl I ' ll1a ined design parameters are the cross-section 
"\ 1( .. 1) and the inclined angle(fJ) of core. When the 

I 1II ',~: -secLion area(A) is chosen in consideration of 
11 111\111111111 magnetic force, the inclined angle(fJ) of core 
1_ II "ermined to be 15° such that the maximum 
11111 1111,: 111 is 8 N-m per magnet. 
1'1(; IJIm 7 shows the stable start-up response for the 
11111. .1 condition Qb={-297.8, -126, -147.5, 129.7, -"'I \ ,I'P11l. The low supply voltage produces the large 

iI II I!' delay and settling time, and the time delay is 
lI \ld "ly associated with raising the current to nominal 
I lfll l. valllcs. Response to axial impact is shown in 
• JC ; 1I1{ E 8. The natural frequency and damping ratio 

I 111 11 'd from the impact test are found to be 64. 1Hz 
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(b) Impulse Response 
FIGURE 6 : Time Response (simulation) 

and 0.476, which are in good agreement with the 
analytical results of 63.4Hz and 0.59. 

CONCLUSION 
A magnetically suspended robot joint is developed, 

which is free of dust and oil generation. Two radial 
bearings consisting of cone-shaped magnet cores 
control the rotor motion in the axial and radial 
directions. A linearized dynamic model is developed for 
active control of the magnetic bearing system. The 
control algorithm is constructed such that the axial 
displacement of the joint is controlled by axial control 
currents to the upper and lower bearings whereas the 
radial displacement is controlled by radial control 
current to the pairs of facing radial bearings. The 
stability and control performance is tested through 
numerical simulation based on the nonlinear model. 
Experiments are performed to investigate the dynamic 
characteristics of the system. Comparison between the 
experimental and simulation results shows that modal 
parameters estimated from analysis and experiments 
agree well within the error less than 10% and that the 
motion of the magnetically suspended robot joint can be 
well predicted by the analytical work. 
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